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KineticsAbstract In this work, effective mineralization of antibiotics, oxytetracycline (OTC) and ampi-
cillin (AMP) using WO3/BiOCl photocatalyst stacked to graphene sand composite (GSC) and chi-
tosan (CT) was investigated. Common sugar and river sand were used as precursor for the
preparation of GSC. Modified hydrolysis method was used to prepare WO3/BiOCl photocatalyst
with different weight percentage ratios of WO3. 60%WO3/BiOCl displayed highest photocatalytic
efficiency for OTC and AMP removal. Furthermore, 60%WO3/BiOCl was immobilized onto GSC
and CT to prepare 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT nanocomposites. The prepared
photocatalysts were characterized using FESEM, TEM, HRTEM, EDX, FTIR, XRD, FT-
RAMAN, BET, photoluminescence and UV-Visible reflectance spectral analysis. Both 60%WO3/
BiOCl/GSC and 60%WO3/BiOCl/CT displayed significant photocatalytic activity for OTC and
AMP removal. The adsorption effect of OTC and AMP photodegradation was also evaluated.
The adsorption of OTC and AMP was described by pseudo second order kinetics. Simultaneous
adsorption and photocatalysis had synergetic effect on antibiotic degradation. Power law modelhitosan.
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Arabian Journal of Chemistry (2016), http:/was applied to understand the complex nature of mineralization process. 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT exhibited significant recycle efficiency and easier recovery of photocata-
lyst for 10 catalytic cycles as compared to 60%WO3/BiOCl.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Increased consumption of antibiotics has received considerable atten-
tion of researchers and environment conservationists over past few
decades. Antibiotics are among the most widely prescribed medicines
that can find their way into aquatic system. Non-biodegradable and
tenacious antibiotics are considered major threat to the quality of
water resources in urban societies. The conventional treatment meth-
ods such as coagulation, flocculation, precipitation and aerobic biolog-
ical treatments have been generally used to degrade antibiotics in
wastewater (De Wilde et al., 2008). Among all the remediation pro-
cesses, adsorption is considered as one of mostly used processes for
wastewater treatment (De Wilde et al., 2009). However, adsorption
just transfers aqueous phase pollutants from one phase to another
requiring secondary treatment of adsorbed pollutants. In context of
advanced water purification process, photocatalysis is emerging as
highly attractive and green technology used to decompose organic pol-
lutants present in wastewater (Walter et al., 2010; Chen et al., 2010).
Recently, bismuth oxychloride (BiOCl) has attracted enormous
attention among researchers because of its excellent photocatalytic
and photoluminescence properties. The layered structured BiOCl pos-
sesses wide band gap (Eg) of 3.4 eV for efficient separation of photo-
induced electron-hole pair (Hu et al., 2015; Ren et al., 2013). The var-
ious methods to improve photocatalytic performance of photocatalyst
include doping (Park et al., 2011), surface modification (Eisenberg
et al., 2014), controlled nanostructured morphology (Huang et al.,
2014; Jamwal et al., 2015) and coupling with other semiconductor to
achieve better photocatalytic performance by enhancing charge separa-
tion (Chatchai et al., 2009; Su et al., 2011). Among all the methods,
heterostructure formation between two semiconductors is considered
as most suitable approach for broadening the solar light absorption
spectrum and to enhance the photodegradation of aqueous phase pol-
lutants (Shan et al., 2008; Zhang et al., 2016; Jamwal et al., 2016; Priya
et al., 2016a,b). Xiong et al. (2011) prepared well crystalline plate like
BiOCl for effective photodegradation of rhodamine B dye. Song et al.
(2010) synthesized hierarchical BiOCl crystals using pyridine mediated
solvothermal routes. The prepared BiOCl plates possessed higher pho-
tocatalytic activity than that of TiO2 (Degussa, P25) under simulated
sunlight. The flower-like BiOCl (Ye and Xie, 2013), BiOCl nanowires
(Wu et al., 2010a,b), BiOCl nanoplates (Xiong et al., 2011) and BiOCl
films (Li et al., 2013) exhibited significant photocatalytic activity for
degradation of organic pollutants. BiOCl/TiO2 (Duo et al., 2015),
BiOCl/BiOI (Xiao et al., 2012), BiOCl/Bi2O3 (Chai et al., 2009),
Bi2O3CO3/BiOCl (Zhang et al., 2014), and trioxide/Mo-BiVO4
(Zhang et al., 2012a–c) nanocomposites have been synthesized via var-
ious synthetic routes such as hydrothermal, solvothermal, ionothermal
and template assisted synthesis (Jiang et al., 2012). Zhang et al. (2009)
prepared highly efficient magnetic photocatalyst by coupling of Fe3O4
with BiOCl and used it as magnetically separable photocatalyst. WO3
with band gap of 2.60 eV is considered as an suitable candidate for
visible light responsive photocatalyst (Liu et al., 2013a,b; Kudo and
Miseki, 2009). WO3 is highly stable semiconductor in both acidic
and oxidative environment. Luo et al. (2013) reported molecularly
imprinted TiO2/WO3 nanocomposites and tested their photocatalytic
activity for degradation of 2-nitrophenol and 4-nitrophenol. The pre-
pared WO3/BiOCl heterojunction exhibited surprisingly high efficiency
for rhodamine B degradation as compared to Degussa P25 (Zhangal., Photocatalytic mineralization of ant
/dx.doi.org/10.1016/j.arabjc.2016.08.005et al., 2011). Wang et al. (2013) synthesized graphene–WO3 composite
as efficient photocatalyst to reduce CO2 in hydrocarbon fuels under
visible light irradiation.
In spite of the extensive efforts, designing of efficient photocatalytic
system is still a challenge for environmentalists and researchers.
Merely, visible light activity does provide adequate guarantee for
applicability of a photocatalyst for water treatment. The highly turbid
solution and complex filtration process of nanosized inorganic
nanoparticles reduce the efficiency of photocatalytic processes during
photocatalytic degradation of aqueous phase pollutants (Wang et al.,
2011; Priya et al., 2016a,b). The most important prerequisite for effi-
cient surface photodegradation reactions is adsorption of aqueous
phase pollutant on catalyst surface (Qourzal et al., 2005; Raizada
et al., 2016a–c). These issues have encouraged researchers to develop
robust and stable supported photocatalytic systems involving the
immobilization of nanosized metallic photocatalyst onto different sup-
port materials (Sharma et al., 2008). In this regard, graphene and its
derivatives have attracted tremendous attention due to high surface
area and electron mobility (Hitzky et al., 2011). Graphene has sp2
hybridized carbon organized in honeycomb structure (An and Yu,
2011; Zhu et al., 2010). Graphene emerges as potential candidate for
the fabrication of supported photocatalysts (Yang and Xu, 2013;
Zhang et al., 2014). For instance, Zhang et al. (2013) reported gra-
phene oxide oxide-wrapped quasi-micro silver trimolybdate nanowires
for photocatalytic applications. Min et al. (2014) reported self-
assembled encapsulation of graphene oxide/Ag@AgCl as a Z-scheme
photocatalytic system for methylene blue degradation. Hu et al.
(2011) synthesized graphene supported ZnS nanocomposites using
microwave radiation assisted method. BiOI/GR composite prepared
through hydrothermal method to possess improved stability and pho-
tocatalytic activity for methylene green degradation (Liu et al., 2013a,
b). In recent times, chitosan, a non-toxic, biocompatible and abundant
biopolymer has emerged as an outstanding absorbent for heavy metals,
organic and inorganic pollutants (Farzana and Meenakshi, 2015;
Zhang et al., 2015). Chitosan possesses high content of amino
(ANH2) and hydroxyl groups (AOH) present in its matrix which can
serve as active sites for immobilization of inorganic nanoparticles
and adsorption of aqueous phase pollutants (Prabhu and
Meenakshi, 2014). Numerous reports have recently been devoted to
the use of chitosan in advanced treatment processes for water
purification.
This work describes the efficacy of graphene sand composite and
chitosan supported WO3/BiOCl for photocatalytic mineralization of
antibiotics in aqueous phase. The supported photocatalyst was charac-
terized by FESEM, TEM, HRTEM, EDX, FTIR, XRD, FT-
RAMAN, BET, and photoluminescence and UV-Visible reflectance
spectral analysis. The effect of adsorption on photocatalytic degrada-
tion of the antibiotics was also investigated. Power law model was
applied to understand the intricacies of long term degradation process.
2. Experimental
2.1. Preparation of graphene sand composite (GSC)
Highly carbonaceous non-toxic material, sucrose was used for
the preparation of graphene sand composites. GSC was pre-ibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 3pared by previously reported method (Gupta et al., 2012). The
sugar cubes were dissolved in water to obtain a homogenous
solution. To this solution, requisite amount of sand was added
and mixture was stirred for 7 h to get thick slurry. The
obtained mixture was dried at 90 C in hot air oven to obtain
sugar-coated sand. The sugar-coated sand was heated at
750 C for 3 h to ensure the graphitization of sugar molecules.
The sample was allowed to cool at room temperature to obtain
GSC. The obtained black sample was leveled as graphene sand
composite (GSC).
2.2. Preparation of photocatalyst
BiOCl was prepared using modified hydrolysis method
(Scheme 1) (Zhang et al., 2012a–c). Typically, 1 g of BiCl3
was dispersed in 80 ml of distilled water. 20 ml of concentrated
HCl was added to the above solution and mixture was stirred
to yield a transparent BiCl3-HCl aqueous solution. After this,
20 ml of citric acid (1  103 mol dm3) solution was added to
reaction mixture with continuous stirring. The reaction mix-
ture was heated at 60 C with continuous stirring for 3 h to
obtain precipitate of BiOCl. The resulting solid was washed
several times with ethanol to remove any remnant presentScheme 1 Synthesis of WO3/BiOCl het
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ther use. WO3 modified heterojunction was prepared accord-
ing to weight % ratio method. Samples containing 20, 40, 60
and 80 wt% of BiOCl and ammonium tungstate ratio mixed
in ethanolic solution. The solution was stirred for 2 h at
80 C to obtain WO3/BiOCl. The sample was filtered, washed
and dried at 60 C for 1 h. The collected samples were labeled
as X % WO3/BiOCl, where X refers to WO3 weight ratio.
To synthesize 60%WO3/BiOCl/GSC, 0.2 g of GSC was
added to 1 g of 60%WO3/BiOCl in 50 ml of ethanolic solution
and kept under ultrasonicator for 30 min. The resulting precip-
itates were washed with distilled water to remove any rem-
nants. The obtained 60%WO3/BIOCl/GSC composite was
preserved for characterization and further use. 60%WO3/
BiOCl/CT was prepared using same procedure with addition
of chitosan in place GSC. 60%WO3/BiOCl/CT was dried at
50 C to prevent the decomposition of chitosan.
2.3. Adsorption and photocatalytic experiment
FESEM micrographs of prepared samples were obtained
through model Nava Nano SEM-45(USA). HRTEM and
Energy dispersive X-ray analysis was performed at randomlyerojunction over GSC and chitosan.
biotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
4 P. Singh et al.selected areas under vacuum conditions using model FP/5022 –
Tecnai G2 20 S-TWIN (USA). Fourier-Transform Infrared
Spectra (FTIR) was obtained using Perkin–Elmer Spectrome-
ter (Spectrum RX-I). Panalytical’s X’PertPro diffractometer
was used for powder XRD. The radiations used are Cu K-a-
1, where Ni metal was used as beta filter for identification of
various phases and crystallinity in materials. The optical
absorption performance of catalysts was estimated by using
a diffuse reflectance spectrophotometer (UV 3600, Shimadzu)
using BaSO4 as reference. The presence of sites needed for
adsorption was further confirmed by Raman spectrometer
(BRUKEF RFS 27: standalone FT-Raman) with range of
50–4000 cm1 using 2 cm1 resolution. The photolumines-
cence emission analysis was performed using inductively cou-
pled plasma-optical emission spectrometer (ICP-OES),
Thermo-iCAP 6000 Series model to find the very low concen-
tration of elements. The specific surface areas were measured
by nitrogen adsorption–desorption isotherms according to
the Brunauer–Emmett–Teller analysis (Autosorb I; Quan-
tachrome Corp.).2.4. Adsorptional and photocatalytic experiment
The adsorptional and photocatalytic activity of WO3/BiOCl/
GSC, WO3/BiOCl/CT and WO3/BiOCl was evaluated using
double walled Pyrex vessel (ht. 7.5 cm  dia.6 cm) surrounded
by thermostatic water circulation arrangement (30 ± 5 C).
The suspension antibiotics and photocatalyst was kept under
solar light with continuous stirring. At certain time intervals,
aliquot was withdrawn and centrifuged for 2 min to separate
photocatalyst particles form aliquot. The absorbance of ampi-
cillin and oxytetracycline in supernatant liquid was measured
at 260 and 350 nm, respectively. The solar light intensity was
measured by digital lux-meter (35  103 ± 1000 lx). All the
experiments were undertaken in triplicate with errors below
5% and average values were reported. The chemical oxygen
demand (COD) and CO2 measurements were performed using
earlier reported methods (APHA, 1985; Maiti, 2001). The inor-
ganic ions were detected using TDS using benchtop ion stan-
dard electrode. The removal efficiency was calculated using
Eq. (1):
% removal effciency ¼ C0  Ct
C0
ð1Þ
where C0 is the initial concentration and Ct is instant concen-
tration of sample.
2.5. Determination of pH of Zero point charge (pHpzc)
The pH of zero point charge was determined by method
reported previously (Yadav et al., 2013; Raizada et al., 2014,
2016a–c). During zero point charge determination, 50 ml of
0.01 M sodium chloride was adjusted to successive initial pH
value between 2 and 12 at 25 C by titrating it with HCl
(0.1 M) and NaOH (0.1 M), and 0.10 g catalyst was added to
each solution. The final pH of each solution was measured
after 48 h and plotted against initial pH. The pH at which
curve intersected the line of equality, was taken as pHzpc of
samples.Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
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3.1. Morphological and structural characterization of
photocatalysts
The FESEM micrographs of BiOCl, WO3 and WO3/BiOCl in
different weight ratio of WO3 are shown in Fig. 1(a–f). The
native BiOCl is composed of well-shaped microclusters with
smooth surface. These plates were further aggregated to form
BiOCl microclusters. Fig. 1(b–e) demonstrates the morphology
of WO3 modified BiOCl microclusters with loading of 20%,
40%, 60% and 80% of WO3 onto BiOCl nanoclusters. The
aggregate of WO3 can be clearly seen over BiOCl microclus-
ters. Pure WO3 exhibited aggregation of different sized nan-
odisks. The extent of WO3 increased with increase in WO3
loading. The XRD pattern of BiOCl, WO3/BiOCl with differ-
ent WO3 % weight ratio is given in Fig. 1(g). The major char-
acteristic diffraction peaks of BiOCl observed at 12.02,
26.00, 33.33 34.00, 41.00 and 49.85 were corresponded
to (001), (011), (110), (012), (003) and (020) planes (Fig. 1
(g)). These peaks are well matched with tetragonal phase
BiOCl (space group: P4/nmm) (Wang et al., 2014). The promi-
nent diffraction peaks of WO3 at 23.00, 23.56, 24.31 were
attributed to (002), (020), (200) planes (ICDD-PDF2-2004
cards: 01-072-0677) (Fig. 1(g)). XRD pattern clearly indicated
the emergence of characteristic peaks of WO3 in WO3/BiOCl.
The intensity of WO3 peaks increased with increased WO3 con-
tent (Fig. 1g 4). The photocatalytic activity of WO3/BiOCl
with different WO3 loading was evaluated for the removal of
OTC and AMP. The OTC and AMP photo degradation
followed the following trend: 60%WO3/BiOCl > 80%
WO3/BiOCl > 40% WO3/BiOCl > 20% WO3/BiOCl (Fig. 1
(h and i)). 60%WO3/BiOCl demonstrated best activity for
OTC and AMP removal. So, 60%WO3/BiOCl was further
immobilized onto graphene sand composite and chitosan to
explore kinetics of OTC and AMP mineralization.
Fig. 2(a and b) displays FESEM images of GSC and CT,
respectively. Both CT and GSC possessed rough surface hav-
ing different sized pores (Dubey et al., 2015). These morpho-
logical features provided good possibility for the attachment
of photocatalyst over its surface and also facilitated the
adsorption of antibiotics. Fig. 2(c and d) depicts FESEM
images of 60%WO3/BiOCl stacked to graphene sand and chi-
tosan, respectively. The magnified images clearly indicated that
WO3/BiOCl was infrequently distributed over the surface of
GSC and chitosan (Fig. 2(e and f)).
XRD pattern of 60%WO3/BiOCl/GSC, 60%WO3/BiOCl/
CT, GSC and chitosan is represented in Fig. 2(g and h). The
diffraction peak at 2H= 26.63 was due to (002) plane of gra-
phene like structure (Mcallister et al., 2007). XRD pattern of
chitosan exhibited characteristic broad peaks between 10
and 22 (Urbanczyk and Lipp-Symonowicz, 1994) (Fig. 2(h)).
In both 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT, char-
acteristic peaks of BiOCl and WO3 were observed. The
decrease in the intensity of characteristic peaks was due to
interaction between 60%WO3/BiOCl and GSC or CT. From
Debye–Scherer equation, the respective size of 60%WO3/
BiOCl/GSC and 60%WO3/BiOCl/CT was found to be 50
and 60 nm.
The TEM images of BiOCl, WO3, 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT samples are given in Fig. 3(a–h).ibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 1 (a–f) FESEM image of (a) Pure BiOCl, (b) 20%WO3/BiOCl, (c) 40%WO3/BiOCl, (d) 60%WO3/BiOCl, (e) 80%WO3/BiOCl,
(f) Pure WO3, (g) wide angle XRD spectra of Pure BiOCl, WO3/BiOCl in different ratio [(1) 20%, (2) 40%, (3) 60%] and Pure WO3. (h
and i) Photocatalytic removal of AMP and OTC using different ratios of WO3/BiOCl: reaction conditions [AMP] = 1  104 mol dm3;
[OTC] = 1  104 mol dm3; [Catalyst] = 50 mg/100 ml; pH = 6.0; solar light intensity = 35  103 ± 1000 1x.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 5Both pure BiOCl and WO3 nanoplates exhibited smooth mor-
phology with respective average size of 40 nm and 35 nm
(Fig. 3(a and b)). In TEM images of 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT, well dispersed WO3/BiOCl was
clearly seen over GSC and chitosan (Fig. 3(c and d)). Magni-
fied images of Fig. 3(e and f) indicate the stacking of 60%
WO3/BiOCl onto GSC and chitosan. The average size of
60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT was obtained
as 50 and 60 nm, respectively. The obtained TEM analysis is in
agreement with FESEM analysis. Furthermore, HRTEM
investigations were accomplished to understand the growth
of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT (Fig. 3(g
and h)). The lattice fringes with inter planar spacing of
0.73 nm corresponded to (110) plane of BiOCl (Deng et al.,
2008). The (020) plane confirmed the presence of WO3 in sup-
ported catalysts. The presence of GSC in 60%WO3/BiOCl/
GSC was ascertained by presence of (002) plane having inter-
planar spacing of 0.38 nm (Liu et al., 2013a,b). The existence
of principally exposed (110) plane was in accordance with
XRD data (Liu et al., 2013a,b).
EDX spectrum was recorded to examine elemental analysis
of GSC, CT, 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT
(Fig. 4(a1–4)). The presence of Si, P, S, C, Cl and O indicates
the wrapping of graphene over sand (Fig. 4(a1). The presencePlease cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
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4 and
Cl ions in river sand. EDX spectrum of 60%WO3/BiOCl/
GSC illustrated clear presence of Bi, W, Si, Bi, C, Cl and O
in sample (Fig. 4(a2)). Chitosan is mainly composed of carbon
and oxygen (Fig. 4(a3)). Bi, W, C, Cl and O identified as major
elements in 60%WO3/BiOCl/CT (Fig. 4(a4)).
Fig. 4(b) shows FTIR spectra of 60%WO3/BiOCl/GSC
composite, 60%WO3/BiOCl/CT, GSC and CT. In GSC spec-
trum, characteristics peaks of carbon–oxygen functionalities
at 2931 and 1632 cm1 were due to C‚O stretching of COOH
groups and CAOAC stretching vibrations, respectively. The
peak at 1080 cm1 was assigned to stretching mode of C‚C
bond (Yeh et al., 2010; Xu et al., 2008). The band at
1632 cm1 was due to skeletal vibration of unoxidized graphi-
tic molecules (Wu et al., 2010a,b). The peak at 2931 cm1 was
originated due to OAH stretching vibration or due to adsorp-
tion of water molecules onto GSC (Dubey et al., 2015). The
peaks at 778 cm1 were assigned to SiAO stretching mode
(Sathya et al., 2012).
In case of 60%WO3/BiOCl/GSC, characteristic tungsten
oxide and BiOCl stretching, bending and lattice modes vibra-
tions were found in the region of 1421–500 cm1 (Delichere
et al., 1988). The high frequency band at 762 cm1 assigned
to deformation of WAOAW (Pfeifer et al., 1995) and peakbiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 2 FESEM image of (a) Pure GSC (inset depicts powder form of sample), (b) Pure CT (inset shows powder form of sample), (c)
FESEM image of 60%WO3/BiOCl/GSC (inset depicts powder form of sample), (d) FESEM image of 60%WO3/BiOCl/CT (inset depicts
powder form of sample), (e and f) (e) magnified image of (c) (f) magnified image of (d) and (g and h) XRD spectra of 60%WO3/BiOCl/
GSC and XRD spectra of 60%WO3/BiOCl/CT.
6 P. Singh et al.at 535 cm1 was due to BiAO stretching vibrations present in
60%WO3/BiOCl/GSC (Wang et al., 2014). The shift in charac-
teristics peaks of GSC toward lower wave number (2931–2314,
1632–1614, 1080–1065 and 778–762 cm1) indicated the for-
mation of 60%WO3/BiOCl/GSC.
In chitosan spectrum, absorption band at 3429 cm1 was
attributed to its ANH2 functional group (Monteiro and
Airoldi, 1999; Chao et al., 2004). The stretching modes of
amine I (CAO stretching along NAH deformation) and amine
II were assigned at 1648 and 1597 cm1, respectively. The band
at 1421 cm1 indicated CAN axial deformation of amine
group. The peak at 1082 cm1 corresponded to CAOAC
stretching vibration in glucose (Haldorai and Shim, 2013).
The respective shift in peaks is from 3429 to 3398, 2919 to
2883, 1648 to 1622, 1467 to 1421, 1252 to 1216, 1082 to
1069, 895 to 820 and 662 to 528 cm1. The band at 820 cm1
was assigned to WAOAW bridging mode (Pfeifer et al.,
1995). The peak at 528 cm1 was attributed to BiAO vibrationPlease cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005in 60%WO3/BiOCl/CT (Wang et al., 2014) confirmed the for-
mation of 60%WO3/BiOCl/CT.
UV-visible diffuse reflectance analysis was performed to
investigate the band gap of prepared photocatalysts (Supple-
mentary Fig. (S1)). The absorption edge of pure WO3, BiOCl
and WO3/BiOCl occurs at about 410, 340 and 365 nm respec-
tively. Both 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT
exhibited absorption at 365 nm, respectively. The band gap
was calculated using Tauc relation (Eq. (2)):
aht ¼ B ht Eg
 n ð2Þ
where a= absorption coefficient = 2.303 A/l, Eg = optical
band gap, B= band tailing parameter, hʋ is the photon energy
and n= ø for direct band gap. The optical band gap is deter-
mined by extrapolating the straight portion of curve between
(aht)2 and ht when a= 0. The respective band gap possesses
by BiOCl, WO3 and 60%WO3/BiOCl 3.1, 2.70 and 2.89 eV
respectively. 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CTibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 3 TEM and HRTEM pattern of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. (a) TEM image of Pure BiOCl, (b) TEM image
of Pure WO3, (c) TEM image of 60%WO3/BiOCl/GSC, (d) TEM image of 60%WO3/BiOCl/CT, (e and f) magnified TEM image of (c)
and (d), (g) HRTEM of 60%WO3/BiOCl/GSC and (h) HRTEM of 60%WO3/BiOCl/CT.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 7exhibited band gap of 2.86 and 2.84 eV (Fig. 5(a and b)). The
pH point at which electric charge density is zero refers to zero
point charge pHzpc. The parameter determines the potential of
catalyst to absorb pollutants (Yadav et al., 2013). The pHzpc of
60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT were found to
be 6.0 and 6.5, respectively (Supplementary Fig. S2).
Raman spectroscopy is an important technique to charac-
terize carbonaceous materials. The Raman spectra of 60%
WO3/BiOCl/GSC, 60%WO3/BiOCl/CT, GSC and CT are
depicted in Fig. 5(c and d). In the spectrum of GSC, two typ-
ical bands were observed at 1347 cm1 (D) and 1597 cm1 (G).
The G band was attributed to E2g phonon of sp
2 bonded car-
bon of graphene (Akhavan et al., 2010). The D band is attrib-
uted to local defects and disorders were found on graphene
sheet. However, no such bands were found in chitosan. In chi-
tosan (Fig. 5(d)) main peaks found at 471 cm1 (CACAO
bending vibration), 893 cm1 (CACAO stretching vibrations
and 1149 cm1 (CAN stretching vibration) (Dollish et al.,
1974). The peak at 2837 cm1 was assigned for CAH stretch-Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005ing vibration (Socrates, 2004). The bands at 1373, 1456 and
1565 cm1 were corresponded to CAH stretching, (ANH2)
band and CH3 bonding (Baranska et al., 1987). In 60%
WO3/BiOCl/GSC and 60%WO3/BiOCl/CT, band at
144 cm1 was assigned to A1g internal BiACl stretching mode,
while band at 197 cm1 was masked to external mode of
BiACl. The three bands appearing at 270, 715 and 809 cm1
belong to OAWAO bonding and WAO stretching (Lu et al.,
2007) in presence of WO3 in 60%WO3/BiOCl/GSC and 60%
WO3/BiOCl/CT. The characteristic peaks of GSC were
observed at 1598 and 1347 cm1 in 60%WO3/BiOCl/GSC.
Photoluminescence is an important spectral technique to
analyze the separation of photo induced electron-hole pair.
60%WO3/BiOCl displayed emission peaks around 450 nm
(Armelao et al., 2012) (Supplementary Fig. S3). Though, the
shape and position of emission peak of 60%WO3/BiOCl/
GSC are similar to those of pure 60%WO3/BiOCl, the emis-
sion intensity of peaks was decreased significantly (Ge et al.,
2013). The decrease indicated the GSC had inhibited thebiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 4 (a) EDX spectra of (1) Pure GSC (2) 60%WO3/BiOCl/GSC (3) Pure CT (4) 60%WO3/BiOCl/CT and FTIR of, Pure CT, 60%
WO3/BiOCl/CT, Pure GSC and 60%WO3/BiOCl/GSC respectively.
8 P. Singh et al.recombination rate of photo induced electron-hole pair by
accepting the conduction band electrons (Liqiang et al.,
2006). However, in case of 60%WO3/BiOCl/CT, both shape
and peak position of emission peaks were same as that of pure
60%WO3/BiOCl.
BET adsorption measurements were conducted to examine
the porous nature of 60%WO3/BiOCl/GSC and 60%WO3/
BiOCl/CT. Fig. 5(e and f) displays the N2 adsorption adsorp-
tion/desorption isotherm and pore size distribution of 60%
WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. The isotherm
exhibited type IV isotherm which is characteristic of meso-
porous materials. The pore size distribution data indicated that
most of the pores are less than 20 nm. The BET surface of 60%
WO3/BiOCl/GSC and 60%WO3/BiOCl/CT is 14.5 and
13.5 cm2, respectively.Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.0053.2. Removal of OTC and AMP by adsorption process
The ampicillin (AMP) and oxytetracycline (OTC) antibiotics
were selected in order to elucidate adsorption and photocat-
alytic efficiency of 60%WO3/BiOCl/GSC and 60%WO3/
BiOCl/CT. Fig. 6 describes the removal of AMP and OTC
under solar light using different catalytic systems. Fig. 6(a
and b) depicts photocatalytic investigations for AMP removal
in the presence of solar light. Degradation efficiency achieved
for AMP was 97%, 78%, 67%, 64% and 30% with 60%
WO3/BiOCl/GSC, 60%WO3/BiOCl/CT, WO3/BiOCl, 60%
BiOCl and WO3, respectively. During dark adsorption experi-
ment, 60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT, 60%WO3/
BiOCl displayed 48%, 42%, 24%, 22% and 17% of AMP
removal in about 60 min.ibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 5 (a) UV-visible reflectance spectra of WO3/BiOCl/GSC and WO3/BiOCl/CT, (b) Tauc plot of WO3/BiOCl/GSC and WO3/
BiOCl/CT, (c) Raman spectra for WO3/BiOCl/GSC, (d) Raman spectra for WO3/BiOCl/CT, (e and f) Nitrogen adsorption/desorption
isotherm and Barrett–Joyner–Halenda (BJH) pore size distribution plot (inset) of WO3/BiOCl/GSC and WO3/BiOCl/CT.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 9On the other hand, the OTC removal efficiency using 60%
WO3/BiOCl/GSC and 60%WO3/BiOCl/CT was found to be
98% and 87% respectively in about 120 min (Fig. 6(c and
d)), while the corresponding efficiencies in dark were 44%
and 39% respectively. Thus, the efficiency of adsorbents was
as follows:
60%WO3=BiOCl=GSC > 60%WO3=BiOCl=CT
> 60%WO3=BiOCl > BiOCl WO3:
The obtained trend results clearly indicated that 60%WO3/
BiOCl/GSC mediated photocatalytic processes were most effi-
cient for AMP and OTC removal. Remarkably, the photocat-
alytic efficiencies of both 60%WO3/BiOCl/GSC and 60%
WO3/BiOCl/CT were strikingly superior to the conventionalPlease cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005binary or ternary inorganic metal oxide photocatalysts. This
was due to substantial adsorption of antibiotics onto the sur-
faces of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT
(Raizada et al., 2016a–c).
Photodegradation reactions occurring on the catalyst sur-
face are greatly influenced by adsorption process during reac-
tion. The adsorption behavior of 60%WO3/BiOCl/GSC and
60%WO3/BiOCl/CT was examined to elucidate the degrada-
tion mechanism. The amount of antibiotics adsorbed onto
60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT at time t
(min) was calculated using the following Eq. (3) (Gupta
et al., 2013; Singh et al., 2013):
qe ¼ C0  Ceð Þ
V
M
ð3Þbiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 6 Photocatalytic and adsorptional removal of AMP and OTC using 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. (a)
Photocatalytic degradation of AMP, (b) adsorptional removal of AMP, (c) photocatalytic degradation of OTC and (d) adsorptional
removal of AMP: Reaction condition [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3; [catalyst] = 50 mg/100 ml; pH = 6.0;
solar light intensity = 35  103 ± 1000 lx.
10 P. Singh et al.where qe (mg g
1) is the amount of adsorbed AMP/OTC per
gram of adsorbent at time t (min), C0 is the initial concentra-
tion of AMP/OTC (dm3), Ct is the concentration of AMP/
OTC (mol dm3) at time t (min), V volume of the solution
(50 ml) and m denotes the mass of the adsorbent (g). The
pseudo first order rate is represented as Eq. (4):
qe  qtð Þ ¼ log qe 
k1t
2:303
ð4Þ
where qe and qt are the amount of antibiotic adsorbed per
gram of adsorbent at equilibrium and time t (mg/g) and k1,
first order rate constant (min1). A plot of log (qe  qt) versus
t gave a linear relationship, from which the value of k1 and qe
can be determined from the slope and intercept. The pseudo
second order rate expression can be designated using Eqs. (5)
and (6) (Gupta et al., 2013; Singh et al., 2013):
qt
dt
¼ k2 qe  qeð Þ2 ð5Þt
qt
¼ 1
k1q2e
þ t
qe
ð6Þ
where qe is the amount of OTC/AMP adsorbed per gram of
adsorbent at equilibrium (mg/g), qt is the amount of adsorbate
adsorbed at contact time t (mg/g) and k2, pseudo second orderPlease cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005constant (g/mg min). A plot between t/qt versus t gave a linear
relationship from which qe and k2 can be determined.
The kinetics of adsorption behavior of OTC and AMP onto
60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/
BiOCl represented in Table 1. Both 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT possessed higher adsorption ability
compared to 60%WO3/BiOCl (Table 1). The adsorption of
AMP and OTC onto 60%WO3/BiOCl/GSC, 60%WO3/
BiOCl/CT and 60%WO3/BiOCl followed pseudo second order
kinetics. The adsorption capacity of 60%WO3/BiOCl/GSC,
60%WO3/BiOCl/CT and 60%WO3/BiOCl was obtained as
63.34, 60.00 and 14.66 mg/g during AMP adsorption. For
OTC removal, the adsorption capacity (qe) of 60%WO3/
BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/BiOCl was
found to be 64.35, 61.19 and 14.00 mg/g, respectively. These
results revealed that incorporation of WO3/BiOCl with GSC/
chitosan resulted in enhanced adsorption capacity. The pseudo
second order kinetics for both AMP and OTC adsorption indi-
cated complex nature of adsorption process.
The initial pH of reaction solution plays a significant affects
the adsorption of liquid phase pollutants onto the surface of
solid catalyst. The association/dissociation of surface func-
tional group can be described by surface charge for electro-
static interaction and reactive sites for catalyst and
antibiotics (Yadav et al., 2013; Gupta et al., 2013). The pH
of zero point charge (pHZPC) of 60%WO3/BiOCl/GSC andibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Table 1 Adsorption kinetics for OTC and AMP adsorption onto WO3/BiOCl/GSC, WO3/BiOCl/CT and WO3/BiOCl. Reaction
condition [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3; [catalyst] = 50 mg/100 ml; pH= 6.0; reaction time = 120 min.
Pseudo first order kinetics
k1 (min
1) qe (mg/g) R
2
AMP OTC AMP OTC AMP OTC
60%WO3/BiOCl/GSC 0.0173 0.0189 55.55 55.12 0.923 0.92
60%WO3/BiOCl/CT 0.0162 0.0162 55.56 52.00 0.901 0.90
60%WO3/BiOCl 0.007 0.0068 12.12 11.56 0.87 0.90
Pseudo second order kinetics
k2 (g/(mg min) qe (mg/g) R
2
AMP OTC AMP OTC AMP OTC
60%WO3/BiOCl/GSC 0.00015 0.00019 63.34 64.35 0.979 0.98
60%WO3/BiOCl/CT 0.00011 0.00013 60.00 61.29 0.972 0.97
60%WO3/BiOCl 0.00007 0.000085 14.66 14.00 0.977 0.98
Table 2 Effect of pH on antibiotics adsorption. Reaction condition: [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3;
[catalyst] = 50 mg/100 ml; pH = 6.0; reaction time = 120 min.
Initial pH AMP OTC
60%WO3/BiOCl/GSC 60%WO3/BiOCl/GSC 60%WO3/BiOCl/GSC 60%WO3/BiOCl/GSC
qe Final pH qe Final pH qe Final pH qe Final pH
2.0 14 1.9 17 1.9 20 1.9 19 2.1
4.0 23 3.5 22 2.7 42 2.7 39 3.8
6.0 62 5.7 61 5.7 67 5.5 64 5.7
8.0 33 7.4 35 7.9 45 6.9 27 6.9
10.0 15 9.5 14 9.5 21 8.5 13 8.4
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 1160%WO3/BiOCl/CT was found to 6.8, 7.0 and 6.4 respec-
tively. Above pHzpc, surface of absorbents was predominantly
negatively charged. While below pHzpc, the positively charged
species dominated the catalyst surface (Yadav et al., 2013).
The ionic species of both antibiotics were completely changed
from positive to negative charge with change in pH form acidic
to basic (Zhao et al., 2013). At lower pH both, both absorbents
and antibiotics had positive charge and hence the adsorption
of both AMP and OTC was retarded (Zhao et al., 2013;
Elmolla and Chaudhuri, 2010). At pH 6.0, OTC existed as
H2OTC and HOTC
. The ionic species AMP was mainly
found as HAMP at near neutral and slightly basic pH. How-
ever, the surface of 60%WO3/BiOCl/GSC and 60%WO3/
BiOCl/CT was positively charged below neutral pH. The neg-
atively charged species of antibiotics were strongly attracted
toward positively charged absorbent molecules (Zhao et al.,
2013; Elmolla and Chaudhuri, 2010). This resulted in higher
adsorption of OTC and AMP onto 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT at pH 6 (Table 2). The decrease in
adsorption at basic pH was due to repulsion between nega-
tively charged adsorption and antibiotic molecules (Zhao
et al., 2013; Elmolla and Chaudhuri, 2010). From above dis-
cussion, it can be inferred that pH 6 was the optimal pH for
the OTC and AMP adsorption onto 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT.
Furthermore, the removal of AMP and OTC using 60%
WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/BiOCl
was explored under three reaction conditions: (i) adsorption
in dark (DA), (ii) equilibrium adsorption followed by pho-Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005todegradation (AP) and (iii) simultaneous adsorption and
photodegradation process (A+P). (Fig. 7(a and b)) shows
the removal efficiency of 60%WO3/BiOCl/GSC, 60%WO3/
BiOCl/CT and 60%WO3/BiOCl as function of time. The first
portion of graph displays adsorption of AMP and OTC using
60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/
BiOCl. 38%, 31% and 18% of AMP removal was recorded
for 60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%
WO3/BiOCl, respectively in 60 min. While during OTC
removal, 42%, 34% and 28% of removal efficiency was
attainted for 60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT
and 60%WO3/BiOCl, respectively.
During adsorption followed by catalysis (AP), 77%, 58%
and 46% of AMP removal was obtained using 60%WO3/
BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/BiOCl as
photocatalyst in 120 min. For OTC removal, efficiency of
60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%/WO3/
BiOCl was found to be 62%, 48% and 22%, respectively.
In case of AP process, the saturated adsorption of antibi-
otics onto catalysts caused the retardation in antibiotic
removal process. The increased antibiotic concentration onto
catalyst surface acted as a filter for incident solar light. It
resulted in reduced effective photoactive volume leading to
lower production of OH radicals. During simultaneous
adsorption and photodegradation (A+P), 95%, 85%, and
67% of AMP removal efficiency was obtained in 60 min using
60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and 60%WO3/
BiOCl/CT photocatalyst, respectively. For OTC removal,
99%, 90% and 50% of removal efficiency was recorded inbiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 7 AMP (a) and OTC (b) removal using 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT under different reaction conditions.
Reaction condition: [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3; [catalyst] = 50 mg/100 ml; pH= 6.0; solar light
intensity = 35  103 ± 1000 lx; reaction time = 120 min for DA and AP and 240 min for A+P (OTC removal), 60 min for DA and
AP and 120 min for A+P (for AMP removal).
12 P. Singh et al.120 min for 60%WO3/BiOCl/GSC, 60%WO3/BiOCl/CT and
60%WO3/BiOCl photocatalyst, respectively. Out of three cat-
alytic processes, A+P was most efficient process for the degra-
dation of both AMP and OTC. During A+P process, the
antibiotics adsorbed onto catalyst surface were simultaneously
degraded by photocatalytic process. So, the photoactive vol-
ume did not decrease during A+P process and solar light
assisted 60%WO3/BiOCl/GSC/A+P and 60%WO3/BiOCl/
GSC/CT/A+P catalytic process was the most effective for
the removal of the OTC and AMP degradation from aqueous
phase.
To investigate the kinetics OTC andAMP degradation using
solar light assisted 60%WO3/BiOCl/GSC/A+P and 60%WO3/
BiOCl/CT/A+P processes, experiments were conducted under
optimum reaction conditions [Catalyst dose = 50 mg/100 ml,
OTC concentration = 1  104 mol dm3, AMP concentra-
tion = 1  104 mol dm3, solar light intensity = 35  10 3 ±
1000 lx and reaction time = 60 min (AMP) and 120 min
(OTC)]. Langmuir-Hinshelwood model was used to elucidate
the kinetics of antibiotic degradation (Eq. (7)) (Pare et al.,
2008a,b; Saien et al., 2003):Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005 dC
dt
¼ kt ð7Þ
where C is the concentration of antibiotics at time ‘‘t” and ‘‘k”
is rate constant. On integrating the above between limits (0,
C0) and (t, C), we get Eq. (8):
 ln C
C0
 
¼ kt ð8Þ
The ln(C/C0) versus time (t) data were plotted for AMP
and OTC degradations. The linearity of plots suggests that
photocatalytic degradation approximately involved pseudo
first order kinetics. The rate constant for AMP degradation
was found to be 4.3  102 min1 and 3.6  102 min1 using
60%WO3/BiOCl/GSC/A+P and 60%WO3/BiOCl/CT/A+P,
respectively in 60 min. For oxytetracycline degradation, the
respective rate constants for 60%WO3/BiOCl/GSC/A+P
and 60%WO3/BiOCl/CT/A+P catalytic systems had respec-
tive rate constants of 1.1  102 min1 and 1.0  102 min1
under solar light for 120 min. The kinetic studies indicated that
degradation process followed pseudo first order kinetics during
initial hours of degradation process.ibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 8 (a–d) Mineralization kinetics of OTC and AMP. COD and CO2 measurements during mineralization of (a) AMP and (b) OTC
using 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. (c–f) the variation of AMP and OTC mineralization rate verses its concentration
using 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. Reaction parameter: [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3;
[catalyst] = 50 mg/100 mL ; pH = 6.0; solar light intensity = 35  103 ± 10,000 lx; reaction time = 10 h.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 13From above discussion, it can be concluded that overall
OTC and AMP photodegradation using 60%WO3/BiOCl/
GSC/A+P and 60%WO3/BiOCl/CT/A+P catalytic systems
is the synergistic effect of photocatalytic and adsorption pro-
cesses. So, the degradation of both OTC and AMP was sub-
jected to photocatalysis (A+P) for 10 h in the presence of
solar light to obtain complete mineralization of antibiotics.
The COD and CO2 estimation were accomplished to investi-
gate the extent of OTC and AMP mineralization during long
term photocatalytic process (Fig. 8(a and b)). During 8 h of
exposure, 99% and 90% of COD removal were attained for
AMP degradation using 60%WO3/BiOCl/GSC/A+P and
60%WO3/BiOCl/CT/A+P process, respectively. For OTCPlease cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005mineralization, 80 and 76% COD were removed utilizing
60%WO3/BiOCl/GSC/A+P and 60%WO3/BiOCl/CT/A+P
process, respectively. The evolution of CO2 during mineraliza-
tion process was an indicative of degradation process. Further-
more, the formation of NO3
 and SO4
2 ions during
degradation of antibiotics confirmed the mineralization of
AMP and OTC.
During long term photocatalytic process, reaction kinetics
is an important parameter to understand the overall antibiotic
degradation process. The real degradation process can be rep-
resented as the combination of two parallel branches namely,
photocatalysis and photolysis (Eq. (9)) (Pare et al., 2009;
Saien et al., 2003):biotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Table 3 Kinetic parameter for long term degradation of OTC and AMP. Reaction parameter: [catalyst] = 50 mg/100 ml; pH = 6.0;
solar light intensity = 35  103 ± 10,000 lx; reaction time = 10 h.
Parameters 60%WO3/BiOCl/GSC/A+P 60%WO3/BiOCl/CT/A+P
an1 1.54 1.59
ak1 8.76  108 (mol dm3)0.54 h1 7.35  108 (mol dm3)0.59 h1
aR 8.76  108 [AMP]1.54 mol dm3 h1 7.35  108 [AMP]1.59 mol dm3 h1
bn1 1.59 1.69
bk1 6.69  108 (mol dm3)0.59 h1 4.90  108 (mol dm3)0.69 h1
bR 6.69  108 [OTC]1.59 mol dm3 h1 4.90  108 [OTC]1.69 mol dm3 h1
The superscript ‘‘a” means AMP and ‘‘b” means OTC.
14 P. Singh et al.R ¼  dc
dt
¼ R1 þ R2 ð9Þ
where R, R1 and R2 are net photo degradation, photocatalysis
and photolysis rate, respectively. In precedent study, photoly-
sis has no significant effect on the antibiotics degradation.
Therefore, only photocatalysis was considered as dominant
process during long term photocatalysis for ten hours. Here,
power law model was applied to explore the kinetics of OTC
and AMP degradation during mineralization process using
60%WO3/BiOCl/GSC/A+P and 60%WO3/BiOCl/CT/A+P
catalytic system (Eq. (10)):
R ¼ k1½ANTn1 ð10Þ
where k1 is rate constant for photocatalysis and n1 denotes the
order of the reaction for photocatalysis. To find appropriate
parameters, the differential method of data analysis wasFigure 9 Mechanistic view of adsorptional-pho
Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
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rate (Eq. (10)). The obtained experimental results are presented
in Table 3. In case of AMP degradation, order of reaction (n1)
was given by 1.54 and 1.59 for 60%WO3/BiOCl/GSC/A+P
and 60%WO3/BiOCl/CT/A+P catalytic system, respectively.
60%WO3/BiOCl/GSC/A+P and 60%WO3/BiOCl/CT/A+P
catalytic systems had respective rate constants of 8.76 
108 (mol dm3)0.54 h1 and 7.35  108 (mol dm3)0.59 h1
(Table 3). In case of OTC removal, the order of reaction was
found to be 1.59 and 1.69 for 60%WO3/BiOCl/GSC/A+P
and 60%WO3/BiOCl/CT/A+P catalytic processes, respec-
tively. The rate constant for 60%WO3/BiOCl/GSC/A+P
and 60%WO3/BiOCl/CT/A+P catalytic process was
given by 6.69  108 (mol dm3)0.59 h1 and 4.90  108
(mol dm3)0.69 h1. The value of reaction order (n1) more
than one signifies the complex nature of degradation process.
The overall degradation rate R (mol dm3 h1) for long termtocatalytic mineralization of AMP and OTC.
ibiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
Figure 10 (a–d): Recycle efficiency of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT. (a) AMP degradation, (b) OTC degradation.
Reaction conations: Reaction condition [AMP] = 1  104 mol dm3; [OTC] = 1  104 mol dm3; [catalyst] = 50 mg/100 ml; initial
reaction pH = 6.0; solar light intensity = 35  103 ± 1000 lx. (c) FTIR spectra of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT before
photocatalysis and after 10 catalytic cycles. (d) XRD spectra for 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT before photocatalysis
and after 10 catalytic cycles.
Photocatalytic mineralization of antibiotics using 60%WO3/BiOCl 15OTC and AMP degradation are presented in Table 3. These
results clearly indicated that long term degradation did not
involve simple pseudo first order kinetics. The degradation
process tends to be slower with increased degradation time
and overall process of mineralization is complex in nature. It
might be due to absorption partially degraded fragments onto
the surface of photocatalyst. Solar light assisted 60%WO3/
BiOCl/GSC/A+P process exhibited higher efficiency in com-
parison to 60%WO3/BiOCl/CT/A+P process.
Under solar irradiation, the transition of electrons from
conduction band of BiOCl to conduction band on WO3 side
results in generation of holes in valance band. Simultaneously,
holes in valance band of WO3 side will migrate to valance band
of BiOCl (Guan and Guo, 2014; Yu et al., 2013; khalil et al.,
2012). The well-combined WO3/BiOCl hetero junction resulted
in transfer of photo generated electron and holes between WO3
and BiOCl. But the photo generated electron in WO3
cannot reduce O2 by single electron reduction due to insuffi-
cient potential (O2 þ e ¼ O2 ;0:284 VNHE;O2 þHþ þ e ¼
HO2;0:046 VNHE) (Nishimoto et al., 2010; Torimoto et al.,
2002). The CB of BiOCl (1.1 eV vs NHE) is more negative
than WO3 (0.40 eV). On coupling BiOCl with WO3, the space
charge layer at junction accelerates the transfer of conduction
band electron (eCB) of BiOCl to the conduction band of WO3.
The valance band of WO3 (3.20) is more positive than that of
BiOCl (2.14 eV) and holes are migrated from VB of WO3 to
that of BiOCl. A large number of holes from BiOCl surface
can participate directly or indirectly in mineralization of
organic pollutants during photocatalytic reaction (Li et al.,
2011).Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of anti
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todegradation, hydroxyl radical with oxidizing potential of
2.8 eV are the main the oxidizing species (Kansal et al.,
2007). To probe the role of hydroxyl radicals during photo
degradation process, degradation experiments were conducted
with hydroxyl radical scavenger, isopropanol. A high second
order rate constant (6  109 M1 S1) of isopropanol with
hydroxyl radical was reported by Buxton and co-workers
(Buxton et al., 1988). AMP removal efficiency was reduced
to 10% and 12% for 60%WO3/BiOCl/GSC/A+P and 60%
WO3/BiOCl/CT/A+P process in the presence of isopropanol.
During the OTC photodegradation in presence of isopropanol
(2.0  104 mol dm3), 60%WO3/BiOCl/GSC/A+P and 60%
WO3/BiOCl/CT/A+P processes had efficiency of 11% and
10% respectively. The degradation experiments were also per-
formed in the presence of hole scavenger, NaCl (Pare et al.,
2008a,b). The reduction removal efficiency was very minor.
Moreover, the oxygen scavenger, tertiary butyl alcohol had
no significant effect on the degradation of OTC and AMP
(Zhao et al., 2013). These results suggest that OTC and
AMP degradation occurred mainly via hydroxyl radical
assisted process.
On the basis of investigations and A+P experiments, a
mechanistic view of anticipated degradation of antibiotics
illustrated in Fig. 9. In case of 60%WO3/BiOCl/GSC and
WO3/BiOCl/CT, both GSC and chitosan provided surface
functionalities for the adsorption of OTC and AMP onto cat-
alyst surface. In case of GSC, electrostatic interaction between
electron donor groups (C‚O, SiO2, OACH3) and amphoteric
OTC and AMP resulted in effective adsorption of antibioticsbiotics using 60%WO3/BiOCl stacked to graphene sand composite and chitosan.
16 P. Singh et al.(Dubey et al., 2015; Gupta et al., 2012). In case of chitosan,
NH2
+ and OHfunctionalities are responsible for adsorption
of OTC and AMP. The higher adsorption in case of GSC
was due to the presence of graphene sheet present in 60%
WO3/BiOCl/GSC (Dubey et al., 2015). In the meantime, the
adsorbed OTC or AMP was degraded rapidly during A+P
process. Upon irradiation of 60%WO3/BiOCl/GSC and 60%
WO3/BiOCl/CT with solar light, the electron-hole is formed
(Raizada et al., 2014; Saien et al., 2003; Kansal et al., 2007;
Pare et al., 2008a,b). These formed electron-pair were effec-
tively separated. The valance band electrons combined with
H+/H2O to form hydroxyl radicals. The hydroxyl radicals
consequently mineralized OTC and AMP to CO2 and respec-
tive ions. In GSC, graphene sheet acted as an electron sink
for condition band electron and minimized the electron-hole
pair recombination (Fu and Wang, 2011).
The recycle efficiency of both 60%WO3/BiOCl/GSC and
60%WO3/BiOCl/CT was probed for OTC and AMP removal.
The separation of both 60%WO3/BiOCl/GSC and 60%WO3/
BiOCl/CT from reaction solution was quick and easy due
low agglomeration of used photocatalysts. Both 60%WO3/
BiOCl/GSC and 60%WO3/BiOCl/CT were recovered from
reaction solution through sedimentation and catalyst loss
was 5% after ten catalytic cycles. However, the separation of
native 60%WO3/BiOCl was difficult and resulted in 40% loss
of catalyst during 10 cycles. For AMP removal, the removal
efficiency of 60%WO3/BiOCl/GSC was reduced to 85 from
92% (Fig. 10(a)), whereas removal efficiency of 60%WO3/
BiOCl/CT was decreased to 67 from 75%. During OTC
removal for ten successive catalytic cycles, the removal effi-
ciency of 60%WO3/BiOCl/GSC and 60%WO3/BiOCl/GSC
was found to be 78% and 65%, respectively (Fig. 10(b)). No
changes in FTIR and XRD spectra of 60%WO3/BiOCl/GSC
and 60%WO3/BiOCl/CT were observed after 10 catalytic
cycles (Fig. 10(c and d)).
4. Conclusion
In summary, we report successful preparation of 60%WO3/BiOCl
heterojunction via modified hydrolysis method. The synthesized 60%
WO3/BiOCl was supported onto graphene sand composite (GSC)
and chitosan (CT) to overcome the limitations such as agglomeration
and separation of photocatalyst from test solution. The results of
FESEM, TEM, HRTEM, FTIR, XRD, EDX, FT-RAMAN, photolu-
minescence, BET and UV-visible diffuse reflectance spectral analysis
confirm well contacted 60%WO3/BiOCl and GSC or CT heterojunc-
tion. The HRTEM images in 60%WO3/BiOCl/GSC and 60%WO3/
BiOCl/CT clearly illustrated the interplanar fringes for tetragonal
BiOCl (110), WO3 (020) and GSC (002) plane. Both 60%WO3/
BiOCl/GSC and 60%WO3/BiOCl/CT displayed significant adsorption
of antibiotics. The adsorption of antibiotics followed the pseudo sec-
ond order kinetics. In AP process, the excessive adsorption of antibi-
otics retarded the photodegradation process. However, A+P process
had synergistic effect in degradation of OTC and AMP. The complete
mineralization of AMP was obtained in 8 h using 60%WO3/BOC/
GSC/A+P catalytic system. In case of OTC, only 80% of antibiotic
was mineralized to CO2, H2O and NO3
 ions in 8 h. Power law model
anticipated the complex nature of degradation process. The mineral-
ization was a slower process compared to degradation process. The
mineralization process mostly occurred via hydroxyl radical. Both
60%WO3/BiOCl/GSC and 60%WO3/BiOCl/CT according to prece-
dent work, graphene sand composite or chitosan supported 60%
WO3/BiOCl can be used as both adsorbent and photocatalyst for treat-
ment of wastewater that contains OTC and AMP. 60%WO3/BiOCl/Please cite this article in press as: Singh, P. et al., Photocatalytic mineralization of ant
Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.005GSC proved to be most efficient photocatalyst for the degradation
process. The main advantage of supported photocatalyst, in compar-
ison with the commercial ones is ease of separation and reusability.
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